The electrochemical reduction of dysprosium(III) was studied on W and Cu electrodes in eutectic LiCl-KCl by transient electrochemical methods. Cyclic voltammogram and current reversal chronopotentiogram results demonstrated that dysprosium(III) was directly reduced to dysprosium (0) on the W electrode through a single-step process with the transfer of three electrons. Electrochemical measurements on the Cu electrode showed that different Cu-Dy intermetallics are formed. Moreover, the thermodynamic properties of Cu-Dy intermetallic compounds were estimated by open circuit chronopotentiometry in a temperature range of 773-863 K. Using the linear polarization method, the exchange current density (j 0 ) of dysprosium in eutectic LiCl-KCl on the Cu electrode was estimated, and the temperature dependence of j 0 was studied to estimate the activation energies associated with Dy(III)/Cu 5 Dy and Dy(III)/Cu 9/2 Dy couples. In addition, potentiostatic electrolysis was conducted to extract dysprosium on the Cu electrode, and five Cu-Dy intermetallic compounds, CuDy, Cu 2 Dy, Cu 9/2 Dy, Cu 5 Dy and Cu 0.99 Dy 0.01 were identified by X-ray diffraction, scanning electron microscopy and energy dispersive spectrometry. Meanwhile, the change of dysprosium(III) concentration was monitored using inductively coupled plasma-atomic emission spectrometry, and the maximum extraction efficiency of dysprosium was found to reach 99.2%.
Introduction
Nowadays, nuclear energy is regarded as a prospective energy source for the future generation and attracts much attention due to being clean and having a high energy density. However, how to effectively manage the spent nuclear fuels in a safe and economic manner has become one of the most important problems related to the sustainable development of nuclear energy productions. Pyrometallurgical techniques, giving a drastic reduction in radioactive waste, engineering support of the ssile material nonproliferation principle and lowering of the amount reprocessing required of spent nuclear fuels, 1 are a promising alternative to hydrometallurgical techniques for the recovery of actinides from spent fuels. 2, 3 The electrochemical deposition on the solid or liquid electrode in molten salts [4] [5] [6] or molten salts-liquid metal reductive extraction 7, 8 are the most developed pyrochemical methods designed for the separation of actinides from ssion products in molten chlorides and uoride salts.
Lanthanides are oen used as surrogates because they have similar electrochemical properties to actinides. Thus, electrolytic extraction of lanthanides were carried out in chloride molten salt or uoride molten salt systems using reactive solid cathodes, such as Al, [9] [10] [11] Mg, [12] [13] [14] Ni, [15] [16] [17] [18] [19] [20] [21] [22] [23] or Cu. [24] [25] [26] Taxil et al. 24 and Gibilaro et al. 27 electrochemically extracted Nd, Gd, Sm and Eu on a Ni cathode in a LiF-CaF 2 -LnF 3 (Ln ¼ Nd, Gd, Sm and Eu) molten salt system. Nourry et al. 26 investigated the electrolytic extraction of metallic Nd and Gd in LiF-CaF 2 melts on Ni and Cu electrodes, respectively. They found that the extraction rate on the Cu electrode was faster than that on Ni electrode in the temperature of 1113-1193 K. Our research group successfully extracted ytterbium 28 and erbium 29 on a Cu cathode, and found that the extraction efficiencies of ytterbium and erbium on a Cu electrode could reach 99.9% and 98.9%, respectively.
As a typical ssion product element, dysprosium should be removed from actinides due to its high thermal neutron absorption cross-section. Therefore, its electrochemical separation and extraction was explored on different electrodes in molten salts. Castrillejo et al. 30 researched the electrochemical behavior of dysprosium and formation of Dy-Al alloys on an Al electrode in the eutectic LiCl-KCl. The electrochemical production of Dy-Fe alloy lms was explored on a Fe electrode using a molten salt electrochemical process. 31 Yang et al. 13 obtained the Dy-Mg alloys during selective electrochemical deposition of dysprosium on a Mg electrode in LiCl-KCl-DyCl 3 -GdCl 3 molten salts. Since the Dy-Ni intermetallic compounds have a magnetocaloric effect, 32, 33 the electrochemical preparation of Dy-Ni intermetallic compounds was explored in molten salts on a Ni electrode 17, 19, 20, 25, 34, 35 and DyNi 2 electrode, 19, 34, 35 respectively. However, Cu-Dy alloy, as a magnetic material, 36, 37 has not been produced by molten salt electrolysis. Therefore, in order for electrochemical extraction of dysprosium and formation of Cu-Dy alloys, it is necessary to explore the kinetic properties of Dy(III) on the Cu electrode and the thermodynamic properties of formation of Cu-Dy intermetallics. Thus, the electrochemical behavior of Dy(III) was rst studied on the Cu electrode in eutectic LiCl-KCl using transient electrochemical techniques, for example, cyclic voltammetry (CV) and square wave voltammetry (SWV). Thermodynamic data of Cu-Dy intermetallics were calculated by open circuit chronopotentiometry (OCP). Meanwhile, the exchange current density (j 0 ) and activation energy (E a ) for Dy(III) on the Cu electrode were investigated by linear polarization. Then, electrochemical extraction of dysprosium and preparation of Cu-Dy alloy were conducted on the Cu electrode by potentiostatic electrolysis at different electrolytic potentials. Next, the surface morphology and composition of the Cu-Dy alloy were analyzed by SEM-EDS and XRD. Furthermore, the extraction efficiency was estimated by measuring the concentration change of Dy(III) in the melts and mass change of the working electrode.
Experimental

Preparation of melts
A mixture of LiCl-KCl with eutectic composition (45.8 : 54.2 wt%, Anhydrous, AR, Tianjin Kermel Chemical Reagent Co., Ltd.) was dried at 553 K for 24 h to minimize the amount of residual water. Then, in order to remove the impurities in LiCl-KCl melts, pre-electrolysis was performed at À2.1 V (vs. Ag + /Ag) for 4 h. The temperature of the molten salt
was measured with a chromel-alumel thermocouple sheathed by an alumina tube. Anhydrous DyCl 3 (99.9%; Koya ne chemicals Co., Ltd.) was introduced into the eutectic melts as the Dy(III) ions source. Moreover, to prevent the materials from reacting with oxygen or water vapor, all chemicals were operated under a high purity argon atmosphere.
Electrode and electrochemical device
The transient electrochemical techniques (CV, SWV and CP) and steady state technique (OCP) were conducted in an electrochemical cell with a three electrode set-up. All electrochemical studies were performed with the Metrohm Electrochemical Workstation (AUTOLAB PGSTAT302N) with electrochemical soware (NOVA 1.10). The reference electrode is comprised of a silver wire of 1 mm in diameter dipped into a AgCl solution (1 wt%) in eutectic LiCl-KCl, contained in a Pyrex tube. All potentials in this work were referenced to the Ag/AgCl reference electrode. The auxiliary electrode was a graphite rod (Ø 6.0 mm) of spectral purity. ) were used as the working electrode. The surface of the working electrode was polished with SiC paper and then washed with distilled water and alcohol, respectively.
Characterization of extracting products and determination of Dy(III) concentration
The electrochemical extraction of dysprosium was conducted on the Cu electrode by potentiostatic electrolysis, and then the extractive Cu-Dy alloy was washed with distilled water and absolute ethyl alcohol (99.7%) to remove the solidied salts attached to its surfaces. Aer that, the composition, morphology and micro-zone chemical analysis of extractive products were characterized by X-ray diffraction (XRD, Philips, Netherlands) and scanning electron microscope and energy dispersive spectrometer (SEM-EDS, HITACHI SU-70, Japan). The mass change of the working electrode was weighed using an electronic balance (Denver Instrument, TB-215D, d 60 g ¼ 1 Â 10 À5 g). In order to monitor the change of Dy(III) ions concentration during the electrochemical extraction of dysprosium, a salt sample was taken out from the molten salts at various electrolysis times, and then dissolved in ultrapure water. Aer that, Dy(III) ions concentration in the eutectic melts was analyzed by inductively coupled plasma-atomic emission spectrometry (ICP-AES, Thermo Elemental, IRIS Intrepid II XSP) and the extraction efficiency was evaluated.
Results and discussion
Electrochemical reduction of Dy(III) ions on the W electrode CV is a common electrochemical technology for investigating the electrode process and reaction mechanism, thus, it was adopted in this section to investigate the redox process of Dy(III)/ Dy on the tungsten electrode in eutectic LiCl-KCl. Fig. 1 38 and Shi et al.
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Current reversal chronopotentiogram of DyCl 3 in LiCl-KCl melts was recorded at I ¼ AE 15 mA, as shown in Fig. 1 . The transit times (s ed and s ox ) of the two potential plateaus (À1.99 V and À1.88 V) are approximately equal, this demonstrates that electrochemical reduction of the Dy(III) process is one-step and forms insoluble metallic Dy. (0) couple is detected at less negative potential values than that on the W electrode. The formation of Cu-Dy intemetallic compounds is described as follows:
For conrming the attribution of these redox peaks, the cyclic voltammograms were registered at different reversion potentials as shown in diagram of the Cu-Dy binary system, 40, 41 there are four thermodynamically stable Cu-Dy intermetallics (CuDy, Cu 2 Dy, Cu 9/2 Dy and Cu 5 Dy). Thus, we suggested that the thermodynamically metastable phase might form under such conditions. Fig. 3 shows the SWV recorded on the Cu electrode in molten LiCl-KCl-DyCl 3 (1.34 Â 10 À4 mol cm À3 ) salts at various frequencies. It is clear that these cathodic peak currents increase with the increase of frequency. As seen from Fig. 3 , there are eight reductive peaks observed in the electrochemical window. Based on the results shown in Fig. 2 Fig. 2 and 3) , the rst plateau I occurs near À2.42 V interpreted due to the formation of metallic Li on the Cu electrode and correlated with the redox couple of Li(I)/Li(0). The second plateau II observed at about À1.90 V is related to the equilibrium of the Dy(III)/Dy(0) redox couple. Aer that, thus, the four potential plateaus should correlate with the co-existence of two phases of four Cu-Dy intermetallics, respectively. Furthermore, according to the result, we inferred that the reduction signal E in the CV (Fig. 2) and SWV (Fig. 3) is ascribed to the formation of a metastable phase of the Cu-Dy intermetallics. The last potential plateau III observed at about À0.28 V corresponds to the equilibrium of Cu(I)/Cu according to the results reported by Castrillejo et al.
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Therefore, each potential plateau correlated with the equilibrium reaction can be expressed as follows: Fig. 4b illustrates the open circuit chronopotentiograms recorded in molten LiCl-KCl-DyCl 3 salts aer potentiostatic deposition at À2.5 V for 80 s at different temperatures. To ensure the reproducibility of the results of the OCP, the measurement was carried out several times under the same conditions. As can be seen from Fig. 4 , the plateau length, correlated with the corresponding equilibrium reaction, grows shorter with an increase of temperature at the same conditions, which indicates that the dissolving rate of Cu-Dy intermetallics increases with the increasing of temperature.
The equilibrium potentials in this experiment are referred to the Ag + /Ag couple, thus, these can be converted to the electromotive forces (emf) against Dy(0). The potential values (DE vs. Dy(III)/Dy) are obtained at various temperatures and listed in Table 2 . On the basis of the value of DE vs. (Dy(III)/Dy(0))/V, the activities and the partial molar Gibbs free energy (D G Dy ) of Dy in various Cu-Dy intermetallics are estimated by the following equation:
The calculated results are also presented in Table 2 . As can be seen from Table 2 , the activity values of Dy in Cu-Dy alloys are in the order of 10 À8 to 10 À2 .
When the two phase equilibrium of CuDy x1 and CuDy x2 exists on the Cu electrode surface, the emf has a constant value during the whole transformation of CuDy x1 into the CuDy x2 . For an intermetallic compound with exact composition, CuDy x2 for example, it can be observed that a variation of the emf from the value of the two phase plateau is related to the mixture of CuDy x1 and CuDy x2 to the value of the two phase plateau of the CuDy x2 and CuDy x3 mixture. The standard Gibbs energies of formation for an intermetallic compound CuDy x2 are related to that of a CuDy x1 by the relation:
The calculated formulas of standard molar Gibbs free energies of formation for different Cu-Dy intermetallic compounds and results are presented in Table 3 .
The change of standard molar Gibbs free energy of formation for various Cu-Dy intermetallics with temperature is shown in Fig. 5 . The standard molar enthalpies of formation and standard molar entropies, as well as the standard equilibrium constant of formation of each of the Cu-Dy intermetallics are obtained based on the slope of the linear relationship, and the results are listed in Table 4 .
Palumbo et al. 41 determined the standard mole enthalpy of formation for Cu 5 Dy intermetallics by high-temperature direct calorimetry in the temperature range of 298-3000 K. They found the value to be À116.4 kJ mol À1 , which is slightly less than our result. Sommer et al. 43 measured the standard mole enthalpy of formation for the Cu 9/2 Dy intermetallic compound by solution calorimetry at 1098 K and the calculated result is À121 AE
kJ mol
À1
, which is smaller than our result. The difference may be related to the difference of experimental methods and existence states of the Cu-Dy intermetallic compounds.
Research results of LP. The exchange current density is an important kinetics parameter, related to the nucleation characteristics and morphology of electrodeposits. Thus, the linear polarization (LP) technique was carried out to determine the exchange current density (j 0 ) of dysprosium on the Cu electrode. At very low overpotentials, the Butler-Volmer equation 44 can be simplied to the following expression:
where j is the net current density, j 0 denotes the exchange current density, and h ¼ E À E eq is the overpotential dened with respect to a specic reaction. In this study, the exchange current densities were determined for Dy(III)/Cu 5 Dy and Dy(III)/ Cu 9/2 Dy couples by the LP technique. Fig. 6 shows the cathodic polarization curves obtained at the equilibrium potential of Dy(III)/Cu 5 Dy and Dy(III)/Cu 9/2 Dy couples, respectively, in LiCl-KCl-DyCl 3 melts on the Cu electrode at a scan rate of 2 mV s À1 and AE15 mV (Fig. 6a ) and AE13 mV (Fig. 6b) overpotentials. According to the slope of the tted line, the values of j 0 were calculated and are presented in Fig. 7 . The exchange current density for the Dy(III)/Cu 9/2 Dy couple was found to be higher than that for the Dy(III)/Cu 5 Dy couple. Fig. 8 shows the plot of ln(j 0 ) versus inverse temperature. The variation of j 0 with temperature was found to follow the Arrhenius law, from which the activation energies associated with the equilibrium reactions were determined. 
Electroextraction and characterization of Cu-Dy alloys
In order to extract dysprosium and prepare Cu-Dy alloys on the Cu electrode, according to the results of the CV, SWV and OCP Fig. 8 The change of ln(j 0 ) versus inverse temperature. ( Fig. 2-4) , potentiostatic electrolysis was conducted at different potentials on the Cu electrode. Fig. 9 shows the XRD patterns of extractive productions aer potentiostatic electrolysis at À2.15 V (a), À1.77 V (b) and À1.55 V (c) at 773 K on the Cu electrode in LiCl-KCl-DyCl 3 (1.34 Â 10 À4 mol cm À3 ) melts, respectively. When the potentiostatic electrolysis was performed at À2.15 V, metallic dysprosium is deposited and diffuses into the Cu substrate. Thus, all Cu-Dy intermetallic compounds of the binary system can be expected. However, only two intermetallic compounds Cu 2 Dy and CuDy are characterized by XRD analysis (Fig. 9a) Fig. 10 shows the SEM-EDS of the deposit attained by potentiostatic electrolysis at À2.15 V for 7 h on the Cu electrode at 773 K in the molten LiCl-KCl-DyCl 3 (1.34 Â 10 À4 mol cm À3 )
salts. The thickness of the deposited layer is approximately 80 mm (Fig. 10a) . As can be seen from the mapping analysis of the elements (Fig. 10b-d) , that the deposit mainly consists of Cu and Dy. The atomic ratio of Cu to Dy in zones A and B shown in Fig. 10a are close to 1 : 1 and 2 : 1, respectively ( Fig. 10e and f) . Combined with the XRD result (Fig. 9a) , we think that the alloy layer is comprised of Cu 2 Dy and CuDy intermetallic compounds. Fig. 11 displays the SEM-EDS analysis of the Cu-Dy alloy sample prepared by potentiostatic electrolysis at À1.77 V for 7 h on the Cu electrode at 773 K in the molten LiCl-KCl-DyCl 3 (1.34 Â 10 À4 mol cm À3 ). The thickness of the alloy layer is about 60 mm (Fig. 11a-c) . The atomic ratio of Cu to Dy in zone A shown in Fig. 11a is close to 2 : 1 (Fig. 11d) . Combined with the XRD result (Fig. 9b) , we infer that the alloy layer consists of the Cu 2 Dy intermetallic compound. Fig. 12 illustrates the SEM-EDS analysis of the Cu-Dy alloy produced by potentiostatic electrolysis at À1.7 V for 7 h on the Cu electrode at 773 K in the molten LiCl-KCl-DyCl 3 (1.34 Â 10 À4 mol cm À3 ) salts. The thickness of the Cu-Dy alloy layer was about 50 mm. The EDS point analysis labeled A shown in Fig. 12a shows that the Cu/Dy atomic ratio approaches 4.5. The JADE 5.0 soware does not provide enough data for parsing the XRD source data obtained from the Cu-Dy sample. However, according to the results of the EDS analysis, we suggested that the deposit layer may consist of the Cu 9/2 Dy compound (Fig. 11d) . Combined with the XRD result (Fig. 9b) , we infer that the alloy layer consists of the Cu 2 Dy intermetallic compound. Fig. 13 shows the SEM-EDS of the Cu-Dy alloy produced by potentiostatic electrolysis at À1.55 V for 7 h on the Cu electrode at 773 K. As can be seen from Fig. 13a -c, the thickness of the Cu-Dy alloy layer is about 40 mm. The EDS point analysis labeled zone A reveals that the Cu/Dy atomic ratio is approaching 5.6.
It can be seen from Fig. 10-13 , there was an excellent binding force between the Cu-Dy alloy layer and the Cu matrix. Under the same electrolysis conditions, the applied potential can affect the formation of the Cu-Dy compound and the thickness of alloy layer.
Furthermore, the change of the Dy(III) concentration was monitored by ICP-AES during potentiostatic electrolysis at À2.15 V in LiCl-KCl molten salts at 773 K. According to eqn (12) , the extraction efficiencies of Dy were evaluated during various electrolysis times.
where C i and C f are the initial and nal concentrations of Dy(III) ions in the melts, respectively. Table 5 list the change of Dy(III) concentrations in the molten salts and extraction efficiencies (h) of Dy metal during the extraction process. As can be seen from Table 5 , the melts was calculated to be 98.4% by potentiostatic electrolysis for 24 h at 773 K. 13 Compared with the extraction efficiency of Dy on the Mg electrode, the extraction of Dy on Cu electrode from LiCl-KCl-DyCl 3 molten salt is more efficient.
Meanwhile, the increment of Cu electrode was recorded at a different electrolysis time. According to the mass change of the Cu electrode, the extraction quality of the Dy metal was obtained and the extraction efficiency of Dy was also calculated and presented in Table 5 . It can be seen from Table 5 , there are differences between the extraction efficiencies calculated by the mass change of the working electrode and by ICP-AES. The reason may be that the deposits on the working electrode is physically detached due to harsh condition of electrolysis or large size of the deposit itself, this detached deposit may fall into the molten salts in the form of residue, which reduces the mass of the extraction product. The experimental results indicate that it is effective to extract Dy using Cu as the cathode by potentiostatic electrolysis in molten chlorides.
Conclusion
The electrochemical behavior of Dy(III) was rst studied on W in eutectic LiCl-KCl using the electrochemical technique. CV and current reversal chronopotentiogram revealed that the electrochemical reduction of Dy(III) to Dy(0) proceeded in a one-step process involving three electrons. Then, the electrochemical study of Dy(III) on the Cu electrode was carried out in eutectic LiCl-KCl by CV, SWV and OCP. The results of CV and SWV showed that ve typical signals correspond to the formation of different Cu-Dy intermetallics. In addition, the standard molar Gibbs free energies, enthalpies, entropies and equilibrium constants of formation for Cu 5 Dy, Cu 9/2 Dy, Cu 2 Dy and CuDy intermetallics were evaluated by emf measurements in the temperature range of 773-863 K. The j 0 for Dy(III)/Cu 5 Dy and Dy(III)/Cu 9/2 Dy couples were determined by LP. The variation of j 0 with temperature was found to follow the Arrhenius law, from which the activation energies for Dy(III)/Cu 5 Dy and Dy(III)/ Cu 9/2 Dy couples were determined and found to be 26 
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